STngle-stranded M13mpl8 phage DNA was methylated with dimethylsulfate (DMS), and further treated with a l k a l i to ring-open N7-methyl guanine residues and y i e l d 2-6-diamino-4-hydroxy-5N-methylformamidopyrimidine (Fapy) residues, rtucleotide incorporation during in v i t r o DNA synthesis on methylated template using E. coli DNA polymerase Klenow fragment (Kf polymerase) was reduced compared to the unmethylated template. Additional treatment of the methylated template with NaOH to generate Fapy residues, further reduced i n v i t r o DNA synthesis compared to the synthesis on methylated templates, which suggested that Fapy residues were a block to in v i t r o DNA synthesis. Analysis of the termination products on sequencing gels, assuming that synthesis stops one base before a blocking l e s i o n , indicated that arrest of DNA synthesis upon d i r e c t alkylation of single-stranded DNA occured 1 base 3' to template adenine residues in the case of Kf polymerase and 1 base 3' to adenine and cystosine residues for T4 polymerase. When the alkylated templates were t r e ated with NaOH to, produce a template which converted a l l the N7-methylguanine residues to Fapy residues, the blocks to DNA synthesis were s t i l l observed one base before adenine residues. In addition to the stops previously observed for the methylated templates, however, new stops occurred one base 3' to template guanine residues for synthesis using both Kf polymerase and T4 polymerase. Fapy residues, therefore, represent a potential lethal lesion which may also arrest in vivo DNA synthesis i f not repaired.
INTRODUCTION
Alkylating agents are potent mutagens and carcinogens which interact with DNA yielding alkylated bases and phosphotriesters (reviewed i n 1). The major base modification products i n double-stranded DNA following treatment with methylating agents are N3-methyladine, 0 6 -methylguanine, and N7-methylguanine (N7-meG). While N3-methyladenine i s associated with c e l l k i l l i n g , mutagenesis is currently a t t r i b u t e d to 0 6 -methylguanine residues i n DNA (2) (3) (4) . In contrast, N7-meG residues, the major methylation products i n DNA, do not appear to be lethal or mutagenic as these lesions do not i n t e r f e r e with DNA synthesis in v i t r o or i n vivo (5-7). However, N7-methylation favors depurination or imidazole ring-opening of guanine ( 8 , 9 ) , y i e l d i n g either an apurinic s i t e or 2-6-di ami no-4-hydroxy-5N-methyl-formamidopyri mi dine (Fapy).
Several observations suggest that the imidazole ring-opened form of N7-meG might play a s i g n i f i c a n t role in biological processes leading to inutagenesis or cell k i l l i n g by alkylating agents. Although controversial, the formation of Fapy residues was reported to occur in vivo in the l i v e r of rats treated with carcinogens such as dimethylnitrosamine or N-methylnitrosourea (10, 11) . There are also specific ONA glycosylases in E. c o l i and mammalian cells which are responsible for the removal of Fapy residues (12) (13) (14) .
In order to implicate Fapy residues in cell k i l l i n g , the a b i l i t y of this lesion to constitute a replicative block to DNA synthesis in v i t r o was invest i g a t e d . Preliminary results from this laboratory have shown' that DNA synthesis by E. coli DNA polymerase I is strongly inhibited when poly(dG-dC) containing Fapy residues was used as a template (5) . In this study we have modified single-stranded M13 DNA with dimethylsulfate (DMS) and treated with a l k a l i to convert N7-meG residues to Fapy residues. The a b i l i t y of these substrates to act as templates for DNA synthesis and the exact positions of termination were studied using E. coli DNA polymerase Klenow fragment (Kf polymerase) and bacteriophage T4 polymerase (T4 polymerase). We report that Fapy residues in single-stranded M13 DNA block in v i t r o DNA synthesis using either Kf polymerase or T4 polymerase. Kf polymerase was obtained from Boehringer Mannheim and T4 polymerase was obtained from IB I . DNA Single-stranded DNA of M13 phage (M13mpl8) was p u r i f i e d from a culture medium of phage-infected E. coli K12 JM105 as previously described (15). DNA modification Modification using DMS was performed using a method similar to the protocol of Larson et a 1 . (6) . B r i e f l y , 20 ng of single-stranded M13 phage was reacted with DMS (concentrations 0-5 nM) in 800 (iL of 200 mM sodium cacodylate buffer, 1 nM EDTA, pH 7.5 at 25°C for 30 min. The reaction was stopped by the addition of B-mercaptoethanol (11 nM) and the DNA was ethanol precipitated twice.
MATERIALS AND METHODS Chemicals
Fapy residues were generated in the DMS modified DNA by precipitating 10 ixg of the DMS treated DNA and incubating this DNA in 400 vL 0.2 N NaOH, 0.2 mrt EDTA at 25°C for 20 min. The solution was neutralized by the addition of 40 (iL 2.5 M ammonium acetate solution, pH 4.5. The DNA was ethanol precipitated and then rinsed with 1 mL of 70 % ethanol (-20°C) to remove residual salt. Modifications using [^j-DMS were performed under identical conditions to those described for unlabeled DMS. Identification of residues using HPLC and P2 gel permeation chromatography
The [*H] labeled N7-meG residues were released from the DNA by hydrolysis at 95"C for 30 min in 10 mM Tris-HCl, 1 mM EDTA, pH 7. This treatment removed 85 % of N7-meG residues. Alternatively, [^l ] labeled N7-meG residues, Fapy or other purine residues were release by treating with 75 % formic acid at 80°C for lh as previously described (16) . The formic acid was removed by vacuum and the dried radioactive material was resuspended in 100 \A. of water containing marker molecules. These fractions were subjected to : i ) HPLC chromatography using C18 \x Bondapak column (Waters). The mobile phase was 25 mM NH 4 H_P0., pH 4.5, containing 2 % methanol (v/v). The column was developed isocratically at 1.5 ml/min. The retention times were as follows : Nl-methyladenine-4 min., N3-methyladenine-7 min., N6-methyladenine-40 min., N7-methyladenine-16 min., N3-methylguanine-9 min., and N7-meG-15 min. The Fapy elutes as two peaks, corresponding to two rotomeric forms (16) , at 4 min. and 6 min. i i ) Gel f i l t r a t i o n chromatography using a Biogei P2 column (Biorad). The column (40 cm X 1 cm) was eluted at 0.2 mL/min. with a buffer containing 20 mM potassium tetraborate, pH 10.55, as previously described (17) . The retention times were as follows : oligonucleotides-60 min., Nl-methyladenine-140 min., N3-methyladenine-140 min., N7-methyladenine-160 min., N3-methylguanine-90 min., N7-meG-90 min. and Fapy-90 min. The combination of these two methods unambiguously identified the methylated purines. Eluates of the HPLC and gel f i l t r a t i o n columns were detected by monitoring u.v. absorption at 254 nm and by s c i n t i l l a t i o n counting of fractions. Agarose gel electrophoresis Unlabeled, unmethylated or DMS methylated M13 DNA was electrophoresed in a 0.8 % agarose mini gel at 10 V/cm for lh in a tris-acetate buffer, pH 8.
Under these conditions, the linearized, single-stranded DNA separates from the covalently closed, single-stranded DNA. The modified DNAs were acid depurinated and the products separated using reversed phase HPLC chromatography. The fractions were collected and i n d i v idually loaded on the Biogel P2 column. This procedure resolved any ambiguities due to the co-elution of Nl-methyladenine and Fapy (rotamer I ) , and of N3-methyladenine and Fapy (rotamer I I ) from the HPLC column. Further details are in Materials and Methods. *"other" represents the fraction of the formic acid treated sample directly loaded on the Biogel P2 column which eluted in the void, volume as oligonucleotides. + n.d. is not detected and represents less than 1 % of the total counts. The values are accurate to 1 %. the rate of conversion of Nl-methyladenine to N6-methyladenine in polydA is much slower than the rate observed for the conversion in Nl-methyladenosine-5'-phosphate (20) (data not shown).
DNA synthesis
Templates (2 jig) modified with 0, 1, and 5 mM DMS and the corresponding templates whose N7-modified guanines residues were converted to Fapy residues were primed with the 17-mer (2.5 ng) with 2 (iL of the 10 times reaction buffer (10 X buffer-100 mM Tris-HCl, pH 7.5, 100 mM MgClg), in a total volume of 10 nL for 15 min. at 50°C. after priming, 2.5 units of Pol I , 1 id.[a-32 p]dATP (~ 3 uM final concentration) and a solution of dCTP, dGTP, dTTP (each nucleotide triphosphate with a final concentration of 50 MM) were added and the volume adjusted to 20 jiL. The reactions were incubated at 37°C and aliquots were removed as a function of time and terminated by spotting (2 \±) onto Whatman GF/C f i l t e r s and assaying for acid preci pi table radioactivity as previously described (18) .
DNA synthesis for the exact positions of termination
The reactions for the determination of the exact position of polymerase stops were performed using the same conditions as in the prev\ous section. When substituting for Kf polymerase, 1 unit of T4 polymerase was used. At t=15 min., the reactions were supplemented to adjust the unlabeled dATP concentration to 50 \M. At t=30 min., the reactions were terminated by the addition of 10 |iL of deionized formamide dye mix (0.1 % bromphenol blue, 0.1 % xylene cyanol, and 20 mM EDTA). Dideoxy sequencing reactions on M13mpl8 DNA were performed as controls, according to Sanger (19) . After denaturation at 90°C for 5 min, the samples were electrophoresed at 3000 V on an 8 %, 7 M urea poly aery 1 amide gel (LKB Macrophor). The gels were fixed in 10 % acetic acid, washed with water to remove urea and dried at 80°C for lh. The gels were autoradiographed for 8-16h. at room temperature using Fuji NIF RX film.
RESULTS

Analysis of DMS methylated M13mpl8 single-stranded DNA and the conversion of N7-meG residues to Fapy residues
When single-stranded DNA is alkylated by DMS, the majority of methylation occurs at the N7 of guanine, but in addition there is significant alkylation of the Nl of adenine and the N3 of cytosine (1). To determine the spectrum of methylation, single-stranded M13mpl8 DNA was modified with [^] -DMS and then hydrolyzed with formic acid in order to release the purines from DNA. The alkylated residues were separated by the combination of reversedphase HPLC and gel f i l t r a t i o n chromatography. Table 1 shows that significant methylation of N7 of guanine residues, and Nl and N3 of adenine residues is observed following treatment with DMS. The products refered to as "Other" in Table I represent the labeled fractions which were excluded from the gel f i l t r a t i o n column. These modifications most likely include N3-methylcytosine and N3-methylthymine as well as methylated phosphates, or carbonyl groups, a l l of which would remain as oligonucleotides following treatment with formic acid.
The [ 3 H]-DMS modified single-stranded DNA was further treated under alkaline conditions and the new pattern of methylation was determined by the same method. During the treatment under basic conditions less than 1 % of the radioactive material is released as determined by ethanol precipitable radioactivity (data not shown). In addition, the alkaline treatment did not result in a significant rearrangement of Nl-methyladenine residues to N6-methyladenine (20) . The only change in the spectrum of methylation following treat- Table I is that the N7-meG residues are quantitatively converted to Fapy residues which exist in two rotameric forms ( Figure  1 ). 8y hydrolysis, the number of N7-meG residues was determined to be approximately 2 per M13 molecule per millimolar concentration of DMS in the methylating solution. This relationship was linear in the concentration range studied. Therefore, since N7-meG residues represent approximately 60 % of the total methylation products in the reaction, for each millimolar concentration of labeled DMS, approximately 4 methylated residues are introduced per M13 molecule.
Inhibition of DNA synthesis on methylated, single-stranded M13mpl8 DNA templates containing either N7-tneG or Fapy residues In order to examine the a b i l i t y of methylated M13mpl8 DNA containing either N7-meG or Fapy residues to serve as a template for DNA synthesis, we primed and replicated templates after reaction with DMS or DMS and NaOH. To insure that the templates remained intact following methylation and treatment with a l k a l i , the modified templates were analyzed using agarose gel electrophoresis, which indicated that no detectable breakage of the phosphodiester backbone occured during those reactions (data not shown). The incorporation of 32 P-dATP using Kf polymerase on a template treated with DMS ( Figure 2) shows that DMS treatment reduces DNA synthesis by Kf polymerase. This i n h ibition most probably results from the presence of methylated adenines and pyrimidines as previously reported (6), since N7-meGs are not a block to DNA synthesis (5, 6) . Converting N7-meGs to Fapy residues as shown in Figure 2 results in a further decrease in DNA synthesis compared to the synthesis on the methylated template. In addition to the lower level of incorporated radioactivity, the template containing Fapy residues in Figure 3 reaches a constant value, whereas the other two templates do not reach such a plateau. Thus, since the only change in the methylation pattern following the treatment with base is the conversion of N7-meG to Fapy, these results suggest that Fapy residues in DNA i n h i b i t in vitro DNA synthesis. origin. The lanes marked 0, 1, and 5 mM DMS indicate the concentrations of DMS in the solution used to methylate the M13mpl8 DNA and similarly for the DMS-NaOH treatment used to generate the Fapy residues. The lanes marked 0, 1 and 5 mM DMS-NaOH correspond to the concentrations of DMS in the solution methylating M13mpl8 DNA which was followed by treatment with NaOH to convert N7-methylguanine residues to Fapy residues. The arrows at the right indicate new bands which are observed following the treatment with a l k a l i . Further details are in the Materials and Hethods.
Analysis on sequencing gels of the reaction products from Kf polymerase synthesis on methylated templates containing either N7-oeG or Fapy residues
Since the data presented in the previous section suggested that the new replicative blocks to DNA synthesis are associated with Fapy residues, the exact positions of the termination of synthesis were determined by analyzing the reaction products on DNA sequencing gels (21) . Figure 3 shows a ONA sequencing gel of the in v i t r o synthesis products formed by the action of Kf polymerase on DMS treated templates for approximately 90 bases of M13mpl8 DNA. The lanes labeled C, T, A, and G represent the template sequence, and act as markers for the exact position of the termination of DNA synthesis. The bands in lanes labeled DMS 1 and 5 mM represent blocks to DNA synthesis in the case of the methylated templates treated with either 1 or 5 mM DMS. In these 2 lanes the blocks to in v i t r o DNA synthesis occured at the same bases, the only differences are in the intensity of the stops observed. Analysis of the termination patterns, assuming that synthesis stops one base before a template lesion which blocks DNA synthesis, indicates that Kf polymerase synthesis stops before template adenines, in agreement with Larson et a l . (16) . Figure 4 also shows that a small number of blocks to DNA synthesis occur one base before template cytosines. No blocks to DNA synthesis using Kf polymerase are observed before template guanines and only 2 stops are observed before thymine residues.
The lanes labeled 1 and 5 mM DMS-NaOH in Figure 3 represent the blocks of in v i t r o ONA synthesis using Kf polymerase on DMS methylated templates whose N7-meG residues were converted to Fapy residues. In comparing the products of DNA synthesis in the lanes labeled DMS and DMS-NaOH in Figure 4 , every band observed as a product of the methylated templates containing N7-meG (DMS) is also observed in the lanes of the templates containing Fapy residues (DMS-NaOH). In addition to the blocks of DNA synthesis as a result of methylation, however, there are new bands, noted by arrows in Figure 4 , which appear in the lanes of the methylated templates containing Fapy residues. Over 90 % of these new bands are observed one base before template guanine residues. 2 H NaOH to convert N7-methylguanine residues to Fapy residues. The stars indicated the presence of a band on the sequencing gel which was greater than 15 % of the background intensity. The sequence is displayed non-conventionally i n a 3' to 5' direction to f a c i l i t a t e reading in the direction of DNA synthesis which is indicated by the arrow.
merase synthesis on methylated templates containing N7-meG or Fapy residues for 140 bases of M13mpl8 DNA. These data suggest that the blocks which occur one base before template guanine residues are correlated with the formation of Fapy residues. These Fapy residues, therefore, constitute a block to j £ vitro DNA synthesis using Kf polymerase.
Analysis on sequencing gels of the reaction products from T4 poiymerase synthesis on methylated templates containing N7-meG or Fapy residues
To compare the blocks of DNA synthesis using Kf polymerase from E. coli to another enzyme which synthesizes DNA, the reactions of methylated templates containing N7-meG or Fapy residues with T4 polymerase were analyzed on DNA sequencing gels. Figure 5 compares the blocks of DNA synthesis using Kf polymerase to those produced using T4 polymerase. The reaction products produced i n the lanes labeled Klenow : Control, DMS, and DMS-NaOH were d i scussed in the previous section. The lanes labeled T4 represent the same templates as the first group of 3 lanes in Figure 5 , except that UNA synthesis was conducted with T4 polymerase. There are several points of comparison of the Kf and T4 polymerase synthesis. First, the number of blocks to in vitro synthesis observed using T4 polymerase is greater than for the Kf polymerase. This is evident in that even in the T4 polymerase Control lane, there are strong bands. The most intense bands in the T4 polymerase lanes in Figure 5 are associated with the a stop of DNA synthesis at an inverted repeat structure (22) . In addition to the increased number of bands which reflect secondary structure of the unmodified template, there are also a significant number of bands which are associated with blocks to DNA synthesis one base before template cytosine residues (18 stops) in the DMS treated template. This contrasts with the relatively low number of bands reflecting stops before cytosine residues using Kf polymerase (5-7 stops). The major change in the pattern of blocks to in vitro DNA synthesis following the conversion of the N7-meG residues into Fapy residues, however, is the presence of blocks one base before template guanine residues.
DISCUSSION
Analysis of the termination patterns, assuming that synthesis stops one base before a blocking lesion, indicates that arrest of DNA synthesis upon methylation of single-stranded DNA occurs one base 3' to template adenine residues in the case of Kf polymerase catalyzed synthesis and at the same point for adenine and cytosine residues for T4 polymerase catalyzed synthesis. Methylation of the single-stranded template with DMS results in the formation of both Nl-and N3-methyladenine and either of these lesions could serve as a block to DNA synthesis, since the N3-methyladenine has been shown to be a lethal lesion in v i t r o (3) and the Nl lesion disrupts Watson-Crick hydrogen bonding (1). Although in the case of the single-stranded DNA the major lesion is Nl-methyladenine, we cannot discount the possibility that a significant number of the stops which we observe occur before N3-methyladenines. Figure 6 summarizes the percentage of stops observed one base before each of the four bases in the template for Kf polymerase and T4 polymerase. Even though i t is not possible to distinguish between the inhibition of DNA synthesis by Nl-or N3-methyladenine lesions, the arrest of in v i t r o synthesis one base before template adenines is potent as indicated in Figure  6a and 6b by the fact that arrests of DNA synthesis occur at over 80 % of the adenine residues for both enzymes. This is in agreement with other data which have implicated these lesions in arresting DNA synthesis (3, 6) . (23-24) . This large number of stops observed before cytosine residues for synthesis catalyzed by T4 polymerase suggests that N3-methylcytosines also block DNA synthesis by that enzyme. The block observed one base before cytosine residues may reflect the increased fidelity of T4 polymerase catalyzed reactions compared to E. coli DNA polymerase I (25).
DNA synthesis was not observed to stop before guanine or thymine residues using either Kf polymerase or T4 polymerase ( Figure 6 ). This result confirms that N7-meG, the major methylation product, does not block DNA synthesis in vitro, and therefore suggests that this lesion does not block DNA synthesis in vivo. The lack of termination before thymine residues probably reflects the low level of methylation of thymine residues in DNA. Furthermore, the analysis of the pattern of termination of synthesis as occuring one base to the 3' side of the lesion in the synthesized strand is supported by the fact that termination is not observed one base before template guanines and thymines. If termination occured also at the base with the lesion, there would also be blocks to synthesis observed for guanines and thymines which would produce a random distribution of stops.
Although the primary N7-meG residue is not a block to DNA synthesis (this work and ref. 5,6,14) , the secondary lesions, Fapy residues, inhibited in vitro DNA synthesis by almost 50 % compared to synthesis on templates only treated with DMS. Moreover, Figure 6 shows that the blocks of DNA synthesis observed one base before guanine residues following conversion to Fapy residues is greater than 80 % which suggests that the new stop is as frequent as 5/ DNA sequencing gel comparing the products of the in vitro DNA synthesis of Kf polymerase and T4 polymerase using M13mpl8 methylated templates containing N7-methylguanine or Fapy residues. Lanes C, T, A and G correspond to the template sequence. The numbers at the left correspond to the numbers of the M13mpl8 origin. Lanes marked Control, DMS, and DMS-NaOH, respectively, correspond to reactions of M13mpl8 DNA with 0 mM DMS, 5 mM DMS methylation, and 5 mM DMS methylation followed by treatment with 0.2 N NaOH to convert N7-methylguanine residues to Fapy residues. Klenow and T4, respectively, correspond to the reaction products of in vitro DNA synthesis using Kf polymerase and T4 polymerase. Arrows at the right of the figure indicate new bands which are observed following the treatment with alkali. Further details are in the Materials and Methods. the stops observed before adenine residues. Therefore, since 1) N7-meG is the major lesion in DMS treated DNA, 2) N7-meG is quantitatively converted to Fapy, 3) in v i t r o incorporation on Fapy containing templates is lower than on templates only methylated, and 4) in v i t r o DNA synthesis on templates containing Fapy residues are a block to in v i t r o DNA synthesis by Kf polymerase and T4 polymerase. Previously termination patterns of in v i t r o DNA synthesis for templates containing lesions have been shown to correlate well with their biological properties (6, 21) . The data presented in this report, therefore, suggest that Fapy residues are a type of lethal lesion based on the observation that Fapy lesions halt in v i t r o DNA synthesis.
The effectiveness of this lesion in blocking DNA synthesis also raises the question of the biological role of Fapy residues in vivo. The occurrence of Fapy residues in the DNA of cells and animals treated with alkylating agents remains controversial (10,11,26) . However, there are DNA glycosylases in E. coli and mammalian cells responsible for the repair of ring-opened purines (12-14) . The fpg gene coding for the Fapy DNA glycosylase of E. coli has recently been cloned (13). It is now theoretically possible to construct an enzyme deficient mutant strain. The existence and the biological impact of Fapy residues, which are blocks to DNA synthesis in vitro, should be answered by the isolation and characterization of such an enzyme deficient mutant strain.
